The present study have analyzed samples of sweetened condensed milk of fi ve brands sold in the Brazilian market regarding their rheological behavior and viscoelasticity. The products presented pseudoplastic fl uid behavior, illustrated by the experimental data of shear stress versus strain rate, with adjustments made to fi t the Power Law and Casson models. The effect of temperature on apparent viscosity of the products followed the Arrhenius model, with activation energy values ranging from 33.8 to 40.9 kJ mol -1 . The products showed loss modulus (G'') greater than storage modulus (G '), indicating a semi-liquid material behavior.
INTRODUCTION
Sweetened condensed milk is an ingredient used in Brazilian cuisine obtained by partial removal of water from milk and the addition of sugar. Although this product is made by different processes, each results in viscous products with smooth texture, slightly brown color and each should have a certain composition in milk fat, milk solids and milk protein in nonfat solids (FAO/WHO, 2012; TAMIME, 2009). In Brazil, there is no specifi c legislation for the product, which is usually made of milk, sugar and lactose.
Operations of heat treatment, homogenization, vacuum evaporation, seeding and packaging are carried out during sweetened condensed milk processing. Generally, the rheological behavior of sweetened condensed milk is affected by factors such as increased interaction of protein micelles, total solid content, time/temperature history of the product, pre-heat treatment and chemical composition (BIENVENUE, JIMÉNEZ-FLORES & SINGH, 2003) .
The acceptability of sweetened condensed milk by consumers depends greatly on the sensory properties of the product, among which, viscosity is considered the key quality parameter (TAMIME, 2009). Thus, to achieve optimal viscosity for consumer acceptance, rheological properties are used to control process conditions to achieve a product whose quality will meet consumer standards (OZER et al., 1998) . Moreover, these properties give important insight into the structural organization of food and play an important role in heat transfer (AHMED & RAMASWAMY, 2006) .
The rheological behavior of fl uids can be described with the help of various mathematical models, while the most appropriate model depends on the characteristic of each fl uid. The OstwaldDe Waele, Herschel-Bulkley and Casson models are used with non-Newtonian fl uids and describe the behavior of food products very well (SCHRAMM, 2006; STEFFE, 1996) . Many semi-solid foods are viscoelastic materials, which blend properties of viscous fl uids and elastic solids. These properties are observed by small amplitude (dynamic) oscillatory tests, keeping the product structure intact. These tests can be used to relate dynamic rheological parameters with the molecular structure of the sample and the glass transition temperatures, which are important in the characterization of real materials (GUNASEKARAN & AK, 2000) .
The lack of standards of identity and quality for sweetened condensed milk in Brazil has lead to products with very different characteristics, such as color, texture, viscosity. Thus, rheological property characterization is useful for quality control, standardization of product and it can be used to set a standard of identity for the marketed products.
The objective of this study was to characterize the sweetened condensed milk of fi ve commercial trademarks that represent the Brazilian market with respect to fl ow curves and viscoelastic properties.
MATERIAL AND METHODS
Samples of sweetened condensed milk of fi ve brands representative of the Brazilian market (A, B, C, D and E) were purchased at local supermarkets in Juiz de Fora (MG), Brazil. Samples from three different lots per branch were purchased, which constituted the repetitions of the experiment. The samples of different brands had close manufacturing dates to avoid possible effects of time on the results.
FLOW BEHAVIOR
Rheological analyses were carried out in a Brookfi eld concentric cylinder rheometer, Searle type, model R/S SST Plus 2000, equipped with a thermostatic bath to control the temperature of the sample. CC-14 was the measurement sensor, with strain rate ranging from 7.7 to 300 s -1 . The experiments were performed at temperatures of 5, 15, 25, 35, 45 and 55° C, and a different sample was used for each analysis. The running time was set at 6 min, 0-2 min for increasing rotation rate, 2-4 min for decreasing rotation rate and 4-6 min for increasing speed. The fi rst ramp was used to break thixotropy. Before each analysis, the samples were stored at rest for 10 min for the uniformity of temperature. To adjust the experimental data, the rheological models of Ostwald-De Waele (Power Law), Casson and Herschel-Bulkley were tested, using equations 1, 2 and 3, respectively (TEIXEIRA, OLIVEIRA & RAMOS, 2013): To adjust the models to the experimental data, the SAS ® statistical software system was used, version 9.1, licensed to the Universidade Federal de Viçosa (SAS, 2008) . The quality of the adjustment of the model was verifi ed by the level of signifi cance of the coeffi cients (p), lack of adjustment and coeffi cient of determination (R ²).
EFFECT OF TEMPERATURE
The effect of temperature on apparent viscosity, at a specifi c strain rate, was analyzed by adjusting the Arrhenius equation 
VISCOELASTIC PROPERTIRES
The oscillatory tests were performed in a controlled stress rheometer (MARS HAAKE, Thermo Corp. Electroma, Germany) at a temperature of 25 ± 0.2 °C, using a concentric cylinder sensor of 20 mm in diameter (Z20 DIN). First, shear stress probe was carried out at the range of 1 to 25 Pa, at a frequency of 0.1 Hz, to determine the linear viscoelasticity range. Later, oscillatory tests were carried out with frequency scanning from 0.1 to 10 Hz, which occurred within the linear viscoelasticity region. The parameters storage modulus (G'), loss modulus (G'') and complex viscosity 
STATISTICAL ANALYSIS
The statistical analyses were performed using the SAS statistical software system (SAS, 2008), version 9.1, licensed to the Universidade Federal de Viçosa (Brazil).
RESULTS AND DISCUSSION

FLOW CURVES
The rheological behaviors of different samples of sweetened condensed milk at temperatures of 5 and 25 °C are shown in Figure 1 . Similar behaviors were observed for all temperatures. The rheological parameters of the models of Casson and Ostwald-De Waele (PowerLaw), to describe the experimental data obtained are presented in Tables 1 and 2 .
FIGURE 1 -EXPERIMENTAL DATA OF SHEAR STRESS VERSUS STRAIN RATE FOR THE DIFFERENT SAMPLES OF SWEETENED CONDENSED MILK AT TEMPERATURES OF 5 AND 25 °C, AND ESTIMATE BY THE POWER LAW MODEL
The Herschel-Bulkley model was not well adjusted to the experimental data and, therefore, was not considered in the discussion of the results. The power law model presented the best adjustment to the experimental data for all treatments (R² ≥ 0.996), although this model does not consider the yield stress, which is a very important rheological property. It was also found that samples of sweetened condensed milk showed pseudoplastic fl uid behavior for all temperatures studied (0.67 ≤ n ≤ 0.94) ( Table 1) ¹ Parameter = K -consistency index (Pa sn); n -the fl ow behavior index; R² -coeffi cient of determination.
The consistency index values determined were higher than those found by Flauzino (2007) , for sweetened condensed milk analyzed a 10 days after manufacture, at different temperatures, with strain rate ranging from 0.1 to 100 s -1 , which found values of 12.57 and 2.76 Pa.s n at 5 and 25 ºC, respectively. The values of the fl ow behavior index obtained by this research were also different (0.99 at 25 ºC). However, a likely cause for this variation is the time of manufacture of the products analyzed, since casein molecules tend to aggregate, forming a three-dimensional net, leading to an increased viscosity of sweetened condensed milk as storage time increases (VARNAM & SUTHERLAND, 1994). A better adjustment of the power law model was also observed by Juszczak et al. (2004) , for commercial mustards at 25 ºC, and Vélez-Ruiz and Barbosa-Cánovas (1998) for concentrated milk, stored for three weeks, with total solid content between 19.6 and 30.5 % at temperatures ranging from 15 to 25 °C. Despite the better adjustment of the power law model, Casson model, which considers the yield stress, also showed good adjustment to the experimental data (R² ≥ 0.989). Thus, this model can also be used to explain the rheological behavior of sweetened condensed milk under the conditions employed in this study. The comparison of different brands, at the same temperature, using the power law model, showed that the sweetened condensed milk of brand C presented, in general, the highest values of consistency index (K), and followed by the brand A. The products of brands B, D and E had the lowest values of K (Table 1) . Since the quality of these products is largely related to consistency, signifi cant differences in their quality can be observed when different brands of sweetened condensed milk found in the market are compared. Using the Casson model, it can be noticed that the brands C and A also showed the highest values of the yield stress (K 0 ), followed by the others (Table 2) . On the other hand, no major differences were observed among the products (Table 2) for the values of plastic viscosity (K c ).
EFFECT OF TEMPERATURE
The fl ow behavior index (n) of the products was slightly infl uenced by temperatures ranging from 5 to 25 ºC. However, the n values increased (behavior closer to the Newtonian behavior) at temperatures from 35 to 55 ºC. On the other hand, the consistency index (K) of the products decreased as temperature increased throughout the range studied (Table 1) . Similarly, the Casson model parameters (K o and K c ) also decreased with increasing temperature (Table 2) . It is important to note that, for low temperatures, the initial shear stress values determined by the Casson model were considerably higher than those determined at higher temperatures. Given the importance of this rheological parameter, the Casson model can be considered more appropriate to explain the rheological behavior of sweetened condensed milk at low temperatures (5 to 25 ºC), and the power law model, for higher temperatures, considering, under those circumstances, the values of initial shear stress is negligible. The power law model is more advantageous than the others because it is simpler and easier to be worked.
To better quantify the effect of temperature on the rheological characteristics of products, the Arrhenius model was adjusted to the experimental data of apparent viscosity (η ap ), calculated from the power law model for the shear rate of 100 s -1 . The Arrhenius model parameters and the effect of temperature on apparent viscosity are shown in Table 3 and Figure 2 , respectively. ¹ η∞ -empirical constant, Ea -activation energy to fl ow, R ² -coeffi cient of determination.
The Arrhenius model presented good adjustment to the experimental data of apparent viscosity, according to temperature for all samples, with coeffi cients of determination ranging from 0.992 to 0.999.
FIGURE 2 -EFFECT OF TEMPERATURE ON THE APPARENT VISCOSITY OF THE SAMPLES OF CONDENSED MILK. ADJUSTMENT OF THE EXPERIMENTAL DATA TO THE ARRHENIUS MODEL
The magnitude of the fl ow activation energy (E a ) reveals that viscosity depends on temperature (FERREIRA, GUIMARÃES & MAIA, 2008). According to Steffe (1996) , the higher the value of E a , the greater the sensitivity of a system to changes in temperature. Therefore, it was observed that the products of brands B, C and E presented the highest sensitivity to changes in temperature, followed by brands A and D (Table 3) . At the temperature of 5 °C, the product of brands B and E showed apparent viscosity of 8504 and 7012 mPa.s, respectively, and, at 55 ºC, the values were 539 and 492 mPa.s. It indicates reduction by approximately 93.3 % in the apparent viscosity. The product of brand D presented the lowest variation (88.5 %). This smaller variation corresponds to the lowest value of fl ow activation energy (E a ) and highest value of the empirical constant (η ∞ ), as observed in Table 3 . The E a values determined in this study were lower than those reported by Flauzino (2007) for sweetened condensed milk (53.06 kJ mol -1 ). Vélez-Ruiz & Barbosa-Cánovas (1998) found E a values of 37.5 and 44.7 kJ mol -1 for concentrated milk to 42.4% of total solids and stored for two to three weeks, respectively.
VISCOELASTIC PROPERTIES
The shear stress probe demonstrated that the linear viscoelastic region for the different samples of sweetened condensed milk ranged from 2.0 to 10.5 Pa. Thus, after knowing the linear viscoelastic region of each sample, the values of storage modulus (G') and loss modulus (G'') were determined according to frequency and are presented in Figure 3 . It was observed that, at this frequency range, the values of loss modulus (G'') were higher than those of the storage modulus (G') for all samples studied (Figure 3) , with G''/G' ratio ranging from 2.0 to 55.4, and this ratio tends to increase as frequency increases, since variation in loss modulus increases with increasing frequency.
If G' value is higher than G'' value, the food material has the characteristic of a semi-solid, i.e., it is more elastic than viscous. On the other hand, if G'' > G', the material behaves as a semi-liquid and the energy used in the deformation of the material is associated with viscous dissipation (RAMOS & IBARZ, 2006). Therefore, it was observed that the sweetened condensed milk can be considered a semi-liquid product, with a more viscous than elastic behavior, and this viscous characteristic tends to increase at higher frequencies (Figure 3) . The comparison of the studied samples revealed that the product of brand D presented the highest values of G'' and G', while that of the brand C, the lowest. These products also presented the lowest and highest G''/G' ratios, respectively. The values of G', G'' and |η*|, determined at the frequency of 1 Hz, are presented in Table 4 .
It was observed that the sweetened condensed milk of brand D presented the highest values of G', G'' and |η*|, differing signifi cantly from the others (p < 0.05). The lowest values were observed in the product of brand E (Table 4) . 
TABLE 4 -VALUES OF STORAGE MODULUS (G'), LOSS MODULUS (G'
'
CONCLUSION
The Power Law and Casson models can be used to explain the rheological behavior of the products, which presented pseudoplastic fl uid behaviors. The effect of temperature on apparent viscosity of the products followed the Arrhenius model, with activation energy values ranging from 33.8 to 40.9 kJ.mol -1 . Sweetened condensed milk of different brands showed behavior that characterizes a semi-liquid (G''> G') material. The magnitude of these rheological properties seems to be related with the levels of proteins and lipids in the product.
RESUMO CARACTERIZAÇÃO REOLÓGICA DE LEITE CONDENSADO COMERCIAL
Neste estudo foram analisadas amostras de leite condensado de cinco marcas comerciais, representativas do mercado brasileiro, quanto ao comportamento reológico e viscoelasticidade. Os produtos apresentaram comportamento de fl uido pseudoplástico, com os dados experimentais de tensão de cisalhamento versus taxa de deformação demonstrando bons ajustamentos aos modelos da Lei da Potência e de Casson. Observou-se que o efeito da temperatura sobre a viscosidade aparente dos produtos seguiu o modelo de Arrhenius, com valores de energia de ativação na faixa de 33,8-40,9 kJ mol -1 . Os produtos apresentaram módulo de perda (G'') maior que o módulo de armazenamento (G'), indicando comportamento de material semi-líquido.
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